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Abstract

Numerous evidences have alerted on the toxic effeicthe exposure to glyphosate on
living organisms. Glyphosate is the herbicide mastd in crops such as maize and
soybean worldwide, which implies that several nangét species are at a high risk of
exposure. Although the Environmental Protection iaye(EPA-USA) has reaffirmed
that glyphosate is safe for users, there are ceerts@l studies that question this
statement. Some of the reported effects are dwexposure to high doses; however,
recent evidences have shown that exposure to losesdaould also alter the
development of the female reproductive tract, wibnsequences on fertility. Different
animal models of exposure to glyphosate or glypteebased herbicides (GBHs) have
shown that the effects on the female reproductiaet tmay be related to the potential
and/or mechanisms of actions of an endocrine-disrggompound. Studies have also
demonstrated that the exposure to GBHs alters ¢helodpment and differentiation of
ovarian follicles and uterus, affecting fertilityhen animals are exposed before puberty.
In addition, exposure to GBHs during gestation doalter the development of the
offspring (F1 and F2). The main mechanism descrédmsbciated with the endocrine-
disrupting effect of GBHs is the modulation of eg&n receptors and molecules
involved in the estrogenic pathways. This reviewnsarizes the endocrine-disrupting
effects of exposure to glyphosate and GBHs at Iotenvironmentally relevant” doses
in the female reproductive tissues. Data suggeshiay at low doses, GBHs may have

adverse effects on the female reproductive trattifye are discussed.
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Abbreviations

AMPA, aminomethylphosphonic acid; AR, androgen ptoes; As, Arsenic; Bmp2,
bone morphogenetic protein 2; Co, Cobalt; COUP-TEDUP transcription factor 2;
Cr, Chromium; Cyp19al, cytochrome P450, family 4@bfamily A, polypeptide 1;
DOHaD, Developmental Origins of Health and DisedsBCs, endocrine-disrupting
chemicals; EPA, Environmental Protection Agency;, EfReroid receptors; ER
estrogen receptor alpha; ERestrogen receptor beta; ERE, estrogen respoesest;
Foxa2, forkhead box protein A2; FSHR, Follicle Silating Hormone Receptor;
GBHs, glyphosate-based herbicides; GhnRH, Gonadotr@teasing hormone; Hoxalo,
homeobox al0; IARC, International Agency for Resbaim Cancer; IGFBP-3, insulin-
like growth factor binding protein 3; LHR, luteimi@y hormone receptor; Ni, Nickel,
NOAELs, no-observed-adverse-effects level; Pb, ;ldadD, post-natal day; POEA,
polyethoxylated amine; PR, progesterone receptd:HSD, 3-hydroxysteroid
dehydrogenase; WHO, World Health Organization; Wwingless-type MMTV

integration site family.
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1- Introduction

The environmental pollution caused by urbanizat@agriculture and industrialization
has been reported to affect animal and human hdaltue et al. 2018). Throughout
their lifespan, both humans and animals are expdeedhany of man-generated
chemicals, which can have either a positive orgatiee impact on their health. These
compounds can be found in the environment, foodsmatics, household items,
pharmaceutical products, and many other producashf@ 2018; Darbre 2019). Studies
on the possible hormonal activity of some of thesmpounds have shown that they
have the potential to disrupt the endocrine systémmany animal species, including
humans (Amereh et al. 2020; Tsai et al. 2019). ddtential risk of these chemicals can
be assessed by meansimfitro studies or animal models, including fish, ampmbia
and mammals (Bergman et al. 2013). Colborn et 2897) were pioneers in
demonstrating the risks of exposure to chemicalsth@ environment known as
endocrine-disrupting chemicals (EDCs). The Worldaktte Organization (WHO)
defined an EDC as “an exogenous substance or raithat alters function(s) of the
endocrine system and consequently causes advekb B#ects in an intact organism,
or its progeny or (sub)populations” (Bergman et2013). Exposure to EDCs can occur
via ingestion of water, food and dust, via inhaatof gases and air particles, and via
dermal absorption. Once in the organism, EDCs actewith the endocrine system and
disrupt normal endocrine function, sexual developtmand ultimately reproduction.
EDCs exert their actions by triggering genomic naidms and non-genomic actions,
through the binding to several hormone receptorsluding thyroid and, especially,
steroid receptors, mainly estrogen (ER) or androg®R) receptors (Diamanti-
Kandarakis et al. 2009; Gore et al. 2015). Thesntchemicals{chemicals that are

foreign to the body) may possess a range of agopéatial agonist or antagonist
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activities dependent on the dose, presence of emdog receptor ligand, and nature of
the structure—activity relationship (interactiortwihe nuclear hormone receptors) (Hall
and Greco 2019). The exposure to EDCs in pregnattiers may reach the developing
fetus and exposure during early life has been shiowthsrupt the normal development
of reproductive tissues and may predispose to skseen adulthood (Rattan and Flaws
2019). Moreover, the exposure to these chemicalaatally can negatively impact the
reproductive health of future generations and catraasgenerational effects on
reproduction in both males and females (Brehm da@$-2019). The mechanisms of
action by which EDCs transmit adverse effectautare generations include epigenetic
modifications (Rattan and Flaws 2019). Despite sdvevidences on the potential
adverse effects of EDCs on reproduction, the médeaunechanisms underlying these
effects are not completely understood.

Although there are more than 80,000 chemicals mmercial use, the risk of most of
them has not yet been assessed. In 2015, by mdatie oafoxCast program, the
Endocrine Disruptor Screening Program of the US/ifenmental Protection Agency
(EPA) made efforts to demonstrate the estrogenicaatiestrogenic activities of more
than 1,800 chemicals (US EPA 2015). Among the cbalwithat highly contaminate
the environment and for which their toxicity hag get been completely assessed, we
can mention all the agrochemicals. Moreover, fonynaf these agrochemicals, there is
an absence of evidence of human and animal levelgpmsure. With the development
of herbicide-tolerant soybeans, corn and cottorl996, the use of glyphosate and
glyphosate-based herbicides (GBHs) has increasathalically over the past two
decades. With an estimation of more than 800 milkg sprayed around the globe in
2014, GBHs are among the most used agrochemic#te iworld (Benbrook 2016). In

Argentina, glyphosate is the most commonly usedibele, with around 180-200
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million liters applied every year (Aparicio et @&013). Currently existing information
on the safety of glyphosate and/or its formulatiamscontroversial, suggesting that
glyphosate or its adjuvants are responsible foraitieerse impacts on human, animal
and ecological health (Meftaul et al. 2020; Vandegbet al. 2017). However, most
studies involve exposures over long periods, higded, or the use of glyphosate alone,
which is not a real situation regarding environmaégbntamination. This review aims
to analyze and summarize the current literature iha evaluated the effects of low or
“environmentally relevant” doses of glyphosate @&BHs acting as EDCs, mainly
regarding evidences obtained in the female reptodutssue. We present enough data
suggesting that, at low doses, GBHs may have agh\affects on the development of

the female reproductive tract and fertility.

2- Glyphosate and glyphosate-based herbicides (GBHS)
2.1. Formulations, surfactants, exposed species and human exposure

The first GBH, Roundup®, was introduced by Monsaimdhe early 1970s.
Glyphosate kills weeds and grasses by inhibitirgethzyme 5-enolpyruvylshikimate-3-
phosphate synthase, involved in the biosynthesesrahatic compounds in plants and
microorganisms, and was thus considered safe toasiand humans. For this, and
other aforementioned reasons, GBHs are the hedsicihost frequently applied
worldwide (Mertens et al. 2018). However, after W&lO’s International Agency for
Research on Cancer (IARC) re-classified glyphosse“probably carcinogenic to
humans” based on a small number of epidemiologtadies following occupational
exposures (Guyton et al. 2015; Myers et al. 20t6hcerns about the carcinogenic

properties of GBHs have increased.
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In the world market, there are several formulati@isGBHs, which differ
mainly in the content of surfactants, the most cammof which over the last years have
been ethoxylated amines. The addition of surfastemthe active compound promotes
the penetration and stabilization of glyphosatplants.In addition, arsenic (As), cobalt
(Co), chromium (Cr), nickel (Ni) and lead (Pb), emal of which are known to be
EDCs, are present in numerous herbicide formulatianlevels well above admissible
ones in water (Defarge et al. 2018). A comparatiyetoxicity study of surfactants in
human cell lines concluded that alkyl polyglucosiderhich are high-quality nonionic
surfactants, are the least toxic compounds, foltbtoxe polyethoxylated alkyl phosphate
ethers, which are quaternary ammonium surfactants finally by POE-tallow amines,
which are the most toxic (Defarge et al. 2016). deer, some occupational and food
risk assessments have shown that there are noficagui human health issues
associated with the use of POEA as surfactantdyphgsate products (Martens et al.
2019). The first generation of POEA surfactants ER@&llow amines) in Roundup® are
markedly more toxic than glyphosate and thus pagkeh risks to human health,
especially among heavily-exposed applicators ([defat al. 2016). In some cases, the
absence of compositional data may cause problemthanreproducibility of the
experiment because, in formulated GBH products thithsame commercial name, the
mixture of chemicals could vary among different cvies (Mesnage et al. 2019).

In Argentina, the percentage of land destined tocaljural production has
increased significantly in recent years, mainly doenew technologies, including
modern irrigation, pesticides, chemical fertilizersonservation tillage and the
expansion of soybean crops. This habitat fragmemntaind the constant exposure to
pesticides and GBHs affect different species (Bareti al. 2018; Dornelles and Oliveira

2016), including the main agricultural insect padlior, the honey beé\pis mellifera)
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(Vazquez et al. 2018). In the last years, the &ffed glyphosate either alone or in
formula have been analyzed in several species asidish, lambs, caimans, mice and
rats (Alarcon et al. 2019a; Albanil Sanchez ef8éll9; Ingaramo et al. 2016; Pham et
al. 2019; Szepanowski et al. 2018; Varayoud et2@ll7). Regarding animal feed,

residues of glyphosate have been found in soybednmraize, both of which play an

important role in animal nutrition (Poppe et al.19) Indeed, a study comparing 18
commercial animal feeds from different companies fiegently demonstrated that every
product contained detectable glyphosate residues iange between 78.3 and 2140
ug/kg, which results in an exposure of animals 4iffes higher than that of humans
per kg basis (Zhao et al. 2018).

Despite the widespread use of glyphosate, data hen potential human
exposures during common occupational uses areeliinithe occupational exposure of
amenity horticulturalists to GBHs has shown thattamination is usually greater than
that reported in environmental studies (Connollple2018). Very high concentrations
of glyphosate and its main metabolite, aminomethggphonic acid (AMPA)may
occur in airborne particulate matter, which canitealed by humans and animals
(Bento et al. 2017). In this context, the data ahei levels is a powerful tool in
biomonitoring studies to estimate human exposu@(&d et al. 2017; Kriger et al.
2014). Some occupational biomonitoring studies havalyzed pooled urine samples
collected over a 24-h period, providing an estimat¢the average exposure over this
sampling period (Acquavella et al. 2004; Mesnagalef012), whereas others have
analyzed a spot urine sample as a marker of the &4¢sosure (Connolly et al., 2017).
Several researchers have found that the detectaivleentrations of glyphosate in
urines collected from farmers and their familieginly the study period were in the

range of <0.1-233 ng/mL, with the highest systedose estimated at 0.004 mg/kg
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(Acquavella et al. 2004; Jauhiainen et al. 1991ongprakaisang et al. 2013). The
systemic dose, which is calculated as the amounglyshosate excreted in urine
divided by each individual’'s body weight, is aneigtated measure of the amount of a
substance absorbed per kilogram of body weight pnavides a basis to compare
human exposures with levels of toxicological sigraihce (Acquavella et al. 2004).
Parvez et al. (2018) evaluated the exposure ofnarggwomen to GBHs by direct
measuring in urine samples and found th@0% of them had detectable glyphosate
levels, which were higher in women living in rueakas, and that these levels correlated
significantly with shortened pregnancy lengths.Thi women, Kongtip et al. (2017)
demonstrated high maternal (0.2—18%ImL) and umbilical cord (0.2-94r@/mL)
serum concentrations of glyphosate.
2.2. Metabolism and its potential impact on the toxicity of glyphosate and GBHs

Although several reports have claimed no significaransformation of
glyphosate to AMPAN vivo (EFSA 2015; Niemann et al. 2015; Williams et &0Q),
Ford et al. (2017) demonstrated the formation ofPMand glyoxylate in livers from
glyphosate-treated mice. These authors showed dpgrroximately 4% of the
glyphosate levels detected in the mouse liver artabolized to glyoxylate (Ford et al.
2017). Glyphosate metabolization may depend orpkiysiology of the animal. At our
lab in lambs exposed to GBH during their first pasal days, we found no AMPA
serum levels, suggesting a limited metabolism gplgbsate into AMPA by intestinal
microbial action, considering that the rumen of bsmexhibits limited functional
development on post-natal day (PND) 15 (Alarcoralet2019a). Although the acute
toxic effects of glyphosate and AMPA on mammals laxe, there are animal data
raising concern of the health effects associatdtl whronic ultra-low doses of these

compounds, related to their accumulation in tharenment (Van Bruggen et al. 2018).
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Anadon et al. (2009), for example, found that tieawailability of glyphosate by oral
administration in rats is 23.21%, whereas, in eavelds, we have recently found that the
levels of glyphosate in serum and the effects enféimale reproductive tract in orally
and subcutaneously GBH exposed animals were siifilarcon et al 2019). Several
experiments have demonstrated that the estrogeténfil and toxicity of glyphosate
are different from those of GBHs and polyethoxydagenine (POEA) (De Almeida et
al. 2018; Mesnage et al. 2017; Perego et al. 20R&eego et al. 2017b; Richard et al.
2005).

Regarding other issues not directly related toaépction, Davoren and Schiestl
(2018) suggested that glyphosate has the poteatefect the human gut microbiome
profile and function, leading to decreased pathadgfiense and inflammation, both in
the intestine and systemically. They suggested that adjuvant surfactants and
emulsifiers present in GBHs would contribute to mobzome disruption more than
glyphosate alone (Davoren and Schiestl 2018). idpsesents another pathway through
which glyphosate and GBHs could induce adversecesffeelated to inflammation and

immune response that may affect reproduction.

3- Mechanisms of action: in vitro studies

Many of the mechanisms by which the neonatal exgoso glyphosate or
GBHs affects the female reproductive tract arekmotvn but the few studies regarding
this issue have been done vitro. However, most of the effects of glyphosate and
GBHs shownin vitro have not been able to be reproducednirvivo experiments.
Several of than vitro studies on glyphosate and GBHs have been perfousau)
cancer cell lines that are estrogen-responsive (HEGICF-7, and T47D-KBluc cell

lines) or the estrogen-insensitive line MDA-MB-234EC1A cells are endometrial
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cancer cells that express the wild-type form ofaggn receptor alpha (ElR Since
estrogen induces the proliferation of these cdllasfro-Rivera and Safe 1998), De
Almeida et al. (2018) demonstrated a non-monotarduction in the viability of
HEC1A cells exposed to pure glyphosate (75-500 juy/mihese authors also found
that exposure to the GBH Wipeout® (75, 125 and R§0mL) induces proliferative
effects and DNA damage in both HEC1A and MDA-MB-284lls. Based on the
differential toxicities of the GBHs Roundup® andWwout® in human whole blood and
HEC1A cells, these authors determined that thevadijts and/or glyphosate impurities
were potential contributing factors of toxicity (Aémeida et al. 2018). They also found
that, in human whole blood, glyphosate and Roundigz®to similar non-monotonic
toxicological profiles, evidenced by a significaetluction in cell viability (R0.01) at
pure glyphosate and Roundup® concentrations ofrtD5® pg/mL and no decreased
cell viability at higher concentrations (500 pg/mE)nally, they found that Wipeout®
led to a monotonic reduction in cell viability fromn threshold concentration of 50
ng/mL (De Almeida et al. 2018). In human periphebddod mononuclear cells,
(Martinez et al. 2007) demonstrated that the cyiotty of Roundup® was higher than
that of glyphosate alone, because the concentraifoRoundup® to cause 50%
mortality of the cells was 30 times lower than tbétpure glyphosate. These results
support the concept that the additives in commeEforenulations play a significant role
in the toxicity attributed to GBHSs.

In HepG2 cells, which are the best characterizedanuliver cell line and are
used to study xenobiotic toxicity, Gasnier et a@0d9) determined glyphosate
cytotoxicity with three assays (Alamar Blue, MTToxiLight), genotoxicity by the
comet assay, and anti-estrogenic effects (on, HR3) and anti-androgenic effects (on

the androgen receptor (AR) by using gene repogsst They also checked androgen to
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estrogen conversion by aromatase activity and mRMAAsub-agricultural doses, all
these parameters were disrupted with all formutatiavithin 24 h. In HepG2 cells, the
active formulation R400 (from 2 parts per milliopp(n)) inhibited the transcriptional
activities on both estrogen receptors. These eaffestre more dependent on the
formulation than on the glyphosate concentrationadidition, in MDA-MB453-kb2
cells, these authors observed decreased AR andatasentranscription from 0.5 ppm of
GBH and inhibited enzymatic activity from 10 ppma&aier et al. 2009). In human
ovarian and prostate cancer cells, Li et al. (20d@&nonstrated that glyphosate and
AMPA can inhibit proliferation and promote apop&sOne of the mechanisms by
which glyphosate would inhibit cell proliferatiors ithrough the enzyme serine
hydroxymethyltransferase, a major source of inttaleg glycine (Mesnage et al. 2015).
Otherin vitro studies have shown that exposure of human lympbectp different
glyphosate concentrations does not cause effectthan proliferation/mitotic index
(Santovito et al. 2018).

Regarding the effects of glyphosate on ovarianuéssand stem cell
differentiation, Gigante et al. (2018) studied ssvgranulosa cells and found that, at
different doses (0.2, 4 and {k§/mL), glyphosate decreased the growth of granulosa
cells (by bromodeoxyuridine incorporation and ATRoduction) and estrogen
production and increased progesterone and nitrideogecretion, all of which suggest
that thein vivo ovarian function may be affected. On the otherdhéiy using granulosa
cells from bovine ovary, Perego et al. (2017a) tbdiiferent results between exposure
to glyphosate and Roundup®. While Roundup® (10 808 pg/mL) dramatically
decreased the number of granulosa cells and estrageé progesterone production,
glyphosate alone had no effect (Perego et al. 201@acow granulosa cells, Wrobel

(2018) reported that pure glyphosate stimulatess#ueetion of estrogen, while GBHs
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and pure glyphosate increase oxytocin and decqgaggsterone secretion from luteal
cells. All thesen vitro studies with bovine ovarian cells suggest thaplgbsate and/or
GBHs may affect, at least in part, the female rdpotive system via direct action on
the ovarian function.

Richard et al. (2005) tested the toxicity of glypate and Roundup® and their
possible ability to act as EDCs in human placedEab3 cells. Their study showed that
Roundup® interacts with the active site of the emeyaromatase and decreases its
activity and mRNA expression. Besides, they demated that glyphosate is toxic
within the lowest concentrations used in agric@fiand that this effect increases with
higher concentrations and longer times as well rmghe presence of Roundup®
adjuvants (Richard et al. 2005). On the other hgmtipngprakaisang et al. 2013)
observed that, in the range of concentrations destin the environment and at levels
to which humans and domestic animals are exposéghhagate increases the
proliferation of the hormone-dependent breast aamdé&D cell line, acting via E& In
this cell line, glyphosate exhibits estrogenic\attiand interferes with normal estrogen
signaling, probably through the activation of atr@gen response element (ERE) since
these responses can be blocked by the ER antad@Ghi$82780 (Thongprakaisang et
al. 2013). Mesnage et al. (2017) reported that lgdgate 10 ng/mL) promotes the
proliferation of estrogen-dependent MCF-7 humarastreancer cells and increases the
expression of an ERE-luciferase reporter gene (ERE4in T47D-KBluc cells, the
latter of which can be blocked by the estrogen goriast ICI. In MCF-7 cells, they
found a weak and unstable interaction (comparesgstmgenpetween glyphosate and
ERo and that glyphosate could activate this recepttiroagh at relatively higher
concentrations than estradiol (Mesnage et al. 2@a9ed on their results, these authors

proposed the hypothesis that glyphosexerts its effects in a ligand-independent

14



324 pathway via the cAMP-dependent protein kinase Ajctwhmodulates the balance
325 between cell proliferation and apoptosis (Mesnaga.e2017). They also showed that,
326 at the concentrations at which glyphosate causesgesnic effects, glyphosate also
327 causes apoptosis and disturbance in liver cell aghaadrial respiration. Finally, they
328 found that commercial GBH formulations or their lagints alone did not exhibit
329 estrogenic effects acting through &Efesnage et al. 2017).

330 A recent study using ER+ and ER- breast cancerliogls demonstrated that
331 GBHs (but not AMPA) affect several pathways relatedNA damage repair, base
332  excision repair, nucleotide excision repair andmatch repair (Stur et al. 2019). Other
333 authors have suggested that glyphosate would indetleapoptosis by activating
334 caspases 3 and/or 7 (Benachour and Seralini 2088;e€ al. 2012).

335

336  4-Invivo effectsin animal models

337 4.1 Fishand chicken

338 Despite all thein vitro studies previously mentioned, most of the effects
339 described for glyphosate and GBHs have not beea tabbe reproduced im vivo
340 experiments. Another significant issue regardingplgbsate toxicity is the effects of
341 low or “environmental relevant” doses.

342 Studying the effect of glyphosate in zebrafigbarfio rerio), Armiliato et al.
343  (2014) found a significant increase in the diamefeyocytes, raising the concern on the
344  effects of glyphosate on fish reproduction. Reggriimith et al. (2019) showed that
345 Roundup® and its active ingredient glyphosate canice developmental, reproductive,
346 and epigenetic effects on Japanese medaka fisddition, in the testes of these fish
347 exposed to 0.Bag/L Roundup® or glyphosate, the expression of FSKRs

348 significantly reduced, whereas in the ovaries thxpression of FSHR remained

15



349 unchanged (Smith et al. 2019). In zebrafidbar{io rerio) embryos, glyphosate
350 treatment inhibited the activity of carbonic anhgsk, caused production of reactive
351  oxygen species, especially in branchial regionggéred cellular apoptosis and induced
352  several types of malformations, including pericardddema, yolk sac edema, spinal
353  curvature and body malformation in a dose-depenaamner (Sulukan et al. 2017).

354 Hatching defects, histological alterations and beical imbalance were also
355 reported in chicks by Fathi et al. (2019). The gtwdnsisted in evaluating newly
356 hatched chicks where the eggs were exposed to agdgpd or GBH (Roundup®). The
357 authors reported a decrease in the hatchabiligy iratchicks treated with Roundup®
358 (Fathi et al. 2019).

359 4.2 Effects on the ovary of rats, mice and ewe lambs

360 Within the ovary, signaling between granulosa ameca cells is essential to
361 support follicle development, oocyte developmemgd eovulation. Moreover, the
362 ovarian follicle can be considered a very fragilecnmrenvironment where several
363 interactions between hormones, growth factorsotheyte and its surrounding somatic
364 cells are essential to generate a fully competenyte. Disruption of this finely tuned
365 balance can lead to an incomplete germ cell nestkidlown (multi-oocyte follicles)
366 (Pepling 2012), alter the activation of folliclesthvan increase of atresia (Monniaux
367 2018) or anovulation (Petro et al. 2012). Due tas tmultiple interaction and
368 complexity, ovaries and follicles are excellentg&ts to investigate endocrine-
369 disrupting effects. However, the effects of the asyre to glyphosate or GBHs on
370 ovarian function and stem cell differentiation at#él largely unknown. In female rats
371 exposed to GBHs (Paraquat and/or Roundup®) dutmegfirst days of pregnancy,
372 Almeida et al. (2017) found lower weight ovariesdam decrease in the number of

373  corpora lutea. In mice exposeu utero to glyphosate a decreased ovarian weight and
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histopathological alterations, increased atretidlictes, interstitial fibrosis and
decreased mature follicles on gestational day 19described (Ren et al. 2018). Serum
levels of progesterone and estrogen were significaaltered following glyphosate
exposure together with changes in the expressioBasfadotropin-releasing hormone
(GnRH), luteinizing hormone receptor (LHR), FolécBtimulating Hormone Receptor
(FSHR), B-hydroxysteroid dehydrogenaseg{BSD) and cytochrome P450, family 19,
subfamily A, polypeptide 1 (Cypl9al) genes at thygothalamic-pituitary-ovarian axis;
in the ovary oxidative stress increased (Ren e2@l8). Similar results were observed
by Hamdaoui et al. (2018) in female rats exposeguio-chronic doses of the GBH
Kalach 360 SL showing impaired folliculogenesiste@d ovary development,
decreased estrogen secretion, oxidative stressltaréd ovarian morphology. Results
suggesting that this GBH can induce endocrine-gdisng effects.

Experiments performed at our lab in a model of kwebs exposed to low doses
of GBH from birth to PND15 (Alarcén et al. 2019a@mdonstrated an increase in the
number of atretic follicles and a decrease in tHRNA levels of both FSHR and
Growth/differentiation factor 9, suggesting thempation of growth arrest in developing
follicles. These GBH-exposed ewe lambs also exdubén increased incidencenodlti-
oocyte follicles (Alarcén et al. 2019a), an endrpademonstrated to be a sensitive
endocrine-disrupting end-point common in other sggedsuch as rats, mice, and
caimans) and with different EDCs such as bisphé&ngenistein, diethylstilbestrol, and
ethinylestradiol (Alarcon et al. 2019a; Jeffersanak 2006; Rivera et al. 2011;
Rodriguez et al. 2010; Stoker et al. 2008).

The developmental origins of health and diseaseH&Q) paradigm posits that,
during development, there are sensitive windowshich tissue formation and function

can be modified by environmental stressors (sucylygshosate or GBHSs), which can
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lead to increased susceptibility to adverse healtbomes across the life course (Luque
et al. 2018). All then vivo studies performed in animal models previously cemiad
regarding the histophysiology of the ovary andidétds suggest that, when the exposure
to GBHs or glyphosate occurs during developmentséhcompounds may induce
endocrine-disrupting effects observed long afterEDC exposure has ended.

4.3 Effects on pregnancy outcome and genital tracts of rats, mice and ewe lambs

Estrogens and xenoestrogens probably exert madk oir their effects through a
specific receptor and the effects depend on the,dose, and probably the duration of
exposure; such receptors are present in the hpdintary, gonads, and accessory sex
organs at one or another time during fetal, pregabeor adult life (Toppari et al.
1996).

Even though most of the endocrine disruptive e$fexftglyphosate and GBHs
have been demonstrated in males (Dallegrave 208l/; Pham et al. 2019; Romano et
al. 2012; Romano et al. 2010), some recent studigs also shown adverse effects on
development and functionality of the female repdoke tract. In the uterus of ewe
lambs, we have recently found decreased cell praliion but no alterations in the
histomorphology after early postnatal oral or suécaous exposure to GBH (Alarcén
et al. 2019a). In addition, in subcutaneously GBidesed ewe lambs, a decreased
uterine cell proliferation in association with arcieased expression of the insulin-like
growth factor binding protein 3 (IGFBP-3) gene gm#l/ protein and a deregulated
expression of ER and PR was found (Alarcon et al. 2020). FurtheendeBH
exposure decreased the expression of Wnt5a antidadkbox protein A2 (Foxa2) in
glandular epithelium, Wnt7a and homeobox al0 (HO6xai subepithelial stroma, and
B-catenin in luminal and glandular epithelia (Alamcet al. 2020). The wingless-type

MMTYV integration site family members (Wnt) are aogp of signal transduction
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pathways of morphogenetic proteins that participati®male reproductive physiology

and control essential developmental processes, asclembryonic patterning, cell

growth, migration, and differentiation (Hayashi &t 2011). In the endometrium,

estrogen induces Wnt signaling in both an ER-dependnd an ER-independent
manner (Susheelamma et al. 2018). Diethylstilbesarsynthetic estrogen, in the mouse
endometrium represses Wnt7a expression, causiagge rof uterine defects similar to
those seen in Wnt7a knockout mice (Fan et al. 2Miler et al. 1998). Estrogens also

up-regulate both ER and progesterone receptor (féRg¢ expression in the uteri of
several species (Ing and Tornesi 1997).

In adult ovariectomized rats, Varayoud et al. (20iGund that neonatal
exposure to a low dose of GBH (0.5 mg GBH/kg/dag) bt affect the uterine weight
or epithelial proliferation but led to an increasehe luminal epithelial cell height. This
suggests that GBH modulates the expression of gestreensitive genes and that the
uterine gene expression of &£RERB and PR is deregulated (Varayoud et al. 2017).
Guerrero Schimpf et al. (2017) found that neonaxglosure of female rats to GBH (2
mg/kg/day) increased cell proliferation in the uterluminal and stromal compartments
on PND8 and altered the expression of proteinslweebin the differentiation of uterine
organogenesis. ERwas induced in the uterine stromal compartmentPdiD8 and
downregulated in the luminal epithelial compartmentPND21 (Guerrero Schimpf et
al. 2017). In a further study, these authors fotlvad early postnatal exposure of female
rats to GBH led to an enhanced sensitivity of ttheltauterus to an exogenous treatment
with estrogen and to histomorphological and mol@cahanges associated with uterine
hyperplasia and a deregulation of uterine genes Wnt7a, ER, PR and HoxalO
(Guerrero Schimpf et al. 2018). Moreover, rats egabto the same doses of GBH (i.e.

2 mg/kg/day) during the neonatal period showedlitgrtailures (Ingaramo et al. 2017;
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Ingaramo et al. 2016). The main long-term alterstiobserved were associated with
low PR expression associated with the downregulexgdession of COUP transcription
factor 2 (COUP-TFII, also known as Nr2f2) and bomerphogenetic protein 2 (Bmp2)
MRNA and the increase in HoxalO and the cell ppdiion at the implantation site
(Ingaramo et al. 2016).

In mice, the administration of estrogen up-regglatgerine WntS5a mRNA
expression (Hou et al. 2004). However, exposurenigke to estrogen or ER agonists
during critical developmental periods inhibits endrial adenogenesis associated with
reduction or suppression of Wnt proteins, like Wntid Wnt7a (Dunlap et al. 2011;
Hayashi et al. 2011; Yin and Ma 2005). Interesynghe temporal and spatial
expression of Wnt genes also plays a critical rdering implantation and
decidualization in mice. Particularly, the dysregigdn of Wnt5a has been associated
with increasing numbers of resorption sites dugegtation (Cha et al. 2014; Hayashi et
al. 2009). We have found that the neonatal exposdrerepubertal rats to GBH
increased the expression of both Wnt5a and Wntiga(amo et al. 2017). In the uterus
of pregnant adult rats neonatally exposed to GBH,feund a decrease in Wnt5a, a
result suggesting that this could be the mechamswived in the increased incidence
of fetal resorptions (Ingaramo et al. 2017). Alneeret al. (2017) exposed rats from
gestational day (GD) 1 to GD7 to 500 mg/kg of Raxyp® and showed decreased
implantation sites and increased pre-implantatioesés in association with more
oxidative stress and altered uterine histology r@esed luminal and glandular epithelial
heights and number of endometrial glands).

Dechartres et al. (2019) observed that the tredtoferats with glyphosate and
Roundup® did not alter litter characteristics swah length, weight, and sex ratio,

whereas Ren et al. (2018) demonstrated that pleeafzosure of mice to pure
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glyphosate influenced the sex ratio of litters. édilet al. (2018) exposed pregnant rats
(FO) to GBH (200 mg/kg/day) along pregnancy anchtbthat this exposure impaired
the reproductive performance of F1 females anddedwstructural congenital anomalies
(conjoined fetuses and abnormally developed limb#)e F2 offspring.

While most studies related to pesticides have addrk the effects of each
individual chemical, it is very important to proeidnformation about the effects of
mixtures of pesticides because mixtures represen¢ mealistic scenarios to mimic the
environmental exposure. Recently, we reported cbeadministration of a GBH with a
commercial formulation of endosulfan (Thionex®) ses acute uterine effects and
long—term deleterious reproductive effects thatsamglar to those induced by the GBH
alone (Ingaramo et al. 2019). Generally, when tkgosure levels of the chemicals
within a mixture are in the range of the no-obsdradverse-effects levels (NOAELS)
or below, and the components of the mixture hatferént modes of toxic action, no
additive or potentiating interactions were obserflagaramo et al. 2019).

Table 1 summarizes the adverse effects so faridedcof glyphosate or GBH
exposure on the female reproductive tract, whelfg@sre 1 summarizes all the vitro

andin vivo cellular mechanisms of action of glyphosate désctiso far.

5- Evidences that support the hypothesis that glyphosate and GBHs are endocrine
disruptors

The safety of glyphosate and GBHs has been intenisdated. The “low-dose
effects” of estrogenic agonists in mammals haveeggad considerable concern (Lugque
et al. 2018). The term “low-dose effects” is defiraes the biological changes that occur
at environmentally relevant exposure levels or ased that are lower than those

reported in the standard toxicity testing guidedinef the EPA. Moreover, the
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estrogenicity of the dose effects of estrogenicneage varies significantly among
species, as well as betweemnvivo andin vitro tests. In the regulatory field regarding
chemicals with endocrine-disrupting properties mmans and wildlife, the WHO

defines them as those that may have a) adversetfte) endocrine activity, and c)
plausible mechanistic links between the observetbenmne activity and adverse effects
(Serra et al. 2019).

The first evidences that suggested that glyphosa&éy be an endocrine-
disrupting chemical came from studies in male rdpotion (Anifandis et al. 2018; Dai
et al. 2016; Johansson et al. 2018; Pham et a8; Zdmano et al. 2012; Romano et al.
2010; Vanlaeys et al. 2018). In male mice, Dailef{2016) and Pham et al. (2019)
found that glyphosate and GBHs were able to causeagine-disrupting effects on
male reproduction at low doses. In many of theseliss, the endocrine-disrupting
effects observed could be attributed to glyphodatdf and/or to the additives in the
formulations (Benachour and Seralini 2009; Marghial. 2016; Richard et al. 2005;
Vanlaeys et al. 2018). The different endocrinewgiing effects caused by different
formulations with glyphosate suggest that the ¢ffecould be exerted by other
constituents of the formulation besides the aciwmciple (several of which are
unknown) (Defarge et al. 2016; Jacques et al. 20D8jarge et al. (2016) tested the
endocrine-disrupting effects of the co-formulamtssix GBHs and found inhibition of
aromatase at levels lower than the lowest agrimlltdilution recommended. These
results may suggest that the action of glyphosataromatase could explain, at least in
part, some of the effects on reproduction foundnirivo experiments (Richard et al.
2005).

Bothin vitro andin vivo studies have suggested that glyphosate and GBHs ac

xenoestrogens through ERE activation (Lorenz et2@l9; Thongprakaisang et al.
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2013). In rats, perinatal exposure to GBH induceregessed DNA methylation in the
uterine site of the EiRRgene, that might participate in the transcriptlamaregulated
expression of total ElR mMRNA (Lorenz et al. 2019). As mentioned previously
glyphosate showed estrogenic activity and intesfevéh estrogen signaling, probably
through the activation of an estrogen responsealeftRE) since these responses can
be blocked by the ER antagonist ICI1 182780 (Thoakgisang et al. 2013). Exposure to
a GBH causes long-term epigenetic disruption ofufteeine ER gene, which could be
associated with the GBH-induced implantation fagur

In vitro studies showing higher toxicity of GBRersus glyphosate may explain
the numerousn vivo results with GBHs not seen with glyphosate alddefgérge et al.
2016; Johansson et al. 2018; Vandenberg et al.)20t7s worth mentioning that
glyphosate alone and commercial formulations majfect different endpoints or have
effects at different ages (Manservisi et al. 20RBam et al. 2019; Ren et al. 2018)
(Table 2). The latter might also contribute to tbentroversy on the toxicity of
glyphosateversus GBHs; furtherin vivo studies must be conducted to evaluate the
effects of glyphosate alone, GBHs and differentaaipts. The emerging field of omics,
which refers to the large-scale data-rich biologrmaasurement of the genome, might
contribute to identifying individual risk and sugptibility of disease through targeted
biomarkers that reconstruct past exposure and girédiure risk (Messerlian et al.
2017). These new technologies will advance our rgtdeding on the impact of
agrochemicals as endocrine disruptors on animahantan health.

Figure 2 summarizes tha vivo studies so far performed in rats and ewe lambs,

following pre- and/or postnatal exposure to GBHS.

6- Conclusions
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In vitro studies are useful to describe possible mechanisinaction of
glyphosate but the implications of threvitro effects onn vivo outcomes are difficult to
be analyzedln vitro assays exhibit known limitations to simulatevivo metabolism,
predict effects in different tissues and acrosteceit life stages or predict the influence
of chemical properties affecting bioavailability i(Gberg et al. 2019). The gold
standard of safety or risk evaluation for pestisid®@d environmental contaminants is
whole animal toxicity testing. Predicting the pisiadverse effects of EDCs on human
health is usually difficult due to the wide diffa@es between species in the regulation
of endocrine functions and their effects on biotagiprocesses (Viguie et al. 2020).
However, due to the similarity between sheep andhdns, especially regarding
gestational and thyroid physiologies and brain gehy, sheep constitute a highly
appropriate model to evaluate the effects of ED@Gguie et al. 2020). Since sheep are
grazing animals, they are also useful models t@esasshe consequences of chronic
environmental exposure to "real-life" glyphosatextmies at different stages of the
reproductive life cycle (Viguie et al. 2020). Basenl these advantages, at our lab, we
are conducting experiments in ewe lambs to tesathwerse effects of glyphosate and
GBHs and their possible endocrine-disrupting atjviwith focus on female
reproduction and fertility.

If used safely, GBHs could be extremely useful #oe agricultural industry.
However, there are evidences that the misuse eskethempounds has led to adverse
consequences, including the contamination of soil$ rivers and the accumulation of
residues in the food chain. This contamination leals non-target species, including
humans, to be exposed to these compounds. Currdmglyse of glyphosate as GBHs is
increasing worldwide and the environmental contatam levels show high

concentrations of these compounds, with levelsifsigimtly higher in countries or areas
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where agriculture is more intense. As describeareefit has been demonstrated that
animals (like rats, ewe lambs, cows) neonatallyosep to glyphosate and/or GBHs
show altered ovarian and uterus development. Tlefgeects in turn alter tissue
morphology and functioning, suggesting adversectffen future fertility.Increasing
trends in fertility failures in different speciescluding humans, could be related, in
many cases, to the effects of EDCs present inriiea@ment. Due to the high abortion
rates observed in women living in agricultural aachl areas, the use of pesticides and
their potential effects create strong concern. atieances in research about the effects
of glyphosate are of absolute interest to the wpdgdulation due to the massive use of
this compound worldwidelIn vitro studies in mammalian cells describing the
mechanisms of glyphosate have shown that glyphasadeGBHs interact with ER
affecting signaling pathways involved in the cohtob cell proliferation (Figure 1).
Studies have also shown that glyphosate and GBféstahe normal expression of
aromatase. It is important to point out that mdshe studies focused on the endocrine-
disrupting effects of glyphosate in endocrine-dejee tissues (ovary and uterus)
presented in this review suggest mechanisms atlg@ryconcentrations, which would
be undetected in traditional toxicology studiesisltclear that several studies have
shown that glyphosate is able to cause endocrsremtion alone or in its formulations
depending on the levels and time of exposure. énehvironment, however, we are
exposed not only to pure glyphosate but also ttemiht formulations and pesticide
mixes. Since most of the formulations are differesgjarding their adjuvants, it is
difficult to assert which ones are more dangerdus tglyphosate alone. Moreover,
some formulations are patent protected, so thampoments are unknown. Thus, it
would be important to reduce the danger throughuieeof more harmless adjuvants. In

addition, beyond the fact that adjuvants may hdbeces, the adverse health effects

25



599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634

reported by the exposure of glyphosate in its garen or in combination should be
taken in consideration by regulatory agencies tab#ish better criteria on the safe use
of this substance and to tailor health preventicategies.

Finally, according with the WHO definition and bdsen the results commented
in the present review, glyphosate and GBHs may taegroperties to be EDCs. They
cause adverse effects on the ovary and the ferapfeductive tract, impairing embryo
implantation and/or development, even when aninaaés exposed to low doses. In
addition, in vitro andin vivo results have demonstrated that glyphosate and GBHs
inhibit aromatase activity and stimulate estroggrathways. All these features allow
postulating that there is a link between the endecactivities of glyphosate/GBHs and
the adverse effects on female reproduction. Hainngnind that much research is still
needed to know the real toxicity effects of glypdtesand GBHs in humans and

domestic animals, the “precaution principle” sholokdtaken in consideration.
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Figure 1. Schematic representation of the reported effetthein vitro andin vivo
exposure to glyphosate or glyphosate-based hedsic{@BHS). 1) The exposure to
glyphosate or GBHs inhibits the transcription of ftromatase gene and the enzymatic
activity of aromatase (Cassault-Meyer et al. 20&4dsnier et al. 2009; Richard et al.
2005). 2) The exposure to glyphosate or GBHs insluestrogen-like effects by
activating estrogen receptor (ER) through a ligemttpendent manner by activating
protein kinase A (PKA), which in turn induces ERopphorylation, modulating its
transcriptional activity by binding to estrogen pesse elements (ERE) or non-ERE
promoter sequences of target genes (Mesnagezilal). 3) Depending on the cell type
or glyphosate nature (formulation) or concentratitme exposure to glyphosate or
GBHs stimulates cell proliferation (Guerrero Schirapal. 2017; Mesnage et al. 2017;
Thongprakaisang et al. 2013) or cell apoptosis biyvating caspases 3 and/or 7
(Benachour and Seralini 2009; Clair et al. 2013).The exposure to glyphosate or
GBHs induces the expression of estrogen-dependetiips like progesterone receptor,
Wnt7a or Hoxal0 (Guerrero Schimpf et al. 2017; tag® et al. 2017; Mesnage et al.
2017).

Figure 2. Summary ofin vivo studies performed after neonatal (pre- and/ornaal)
exposure of female rats and ewe lambs to glyphdssted herbicides (GBHs). The
arrows begin at the time of exposure and the areaghpoints to the moment when
animals were studied. The most relevant experinheasalts obtained are mentioned in
italics. GBH: Glyphosate-based herbicide; IGF1:ulimslike growth factor; ER:
estrogen receptor; ERB: estrogen receptofy; HoxalO: homeobox al0O; PR:
progesterone receptor; Wnt5a wingless-type MMT\égnation site family member 5a;
Wnt7a: wingless-type MMTV integration site familyember 7a; Insulin-like growth
factor binding protein-3; Foxa 2: forkhead box pint A2; GDF9:
Growth/differentiation factor 9. References: (Alamcet al. 2019a; Alarcon et al. 2020;
Guerrero Schimpf et al. 2017; Guerrero Schimpflet2@18; Ingaramo et al. 2019;
Ingaramo et al. 2017; Ingaramo et al. 2016; Lorenhal. 2019; Milesi et al. 2019;
Milesi et al. 2018; Varayoud et al. 2017).
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Table 1: Studies performed in vitro and in vivo to investigate the effects of glyphosate and glyphosate-based herbicides (GBH) in females.

Species Reported effect Doses of Way and Time of Authors
glyphosate or GBHs exposure
Cows At 10 and 300 pg/mL of RU: decreased number of GCs 1, 10 and 300 pg/mL In vitro; 48 hours (Perego et al. 2017a)

and the production of E2 and P4.
At 1 pg/mL of RU + FSH + IGF1: increased cell number
and steroid hormone.
At 10 pg/mL of RU + FSH: decreased cell number and
steroid hormone production depending on IGF1 addition.
At 10 pg/mL of RU + FSH: increased E2 production.

At 5 pg/mL of GLY + FSH + IGF1: decreased GC number
and E2 production.
At 0.5 pg/mL of GLY + FSH + IGF1: only decreased GC
number.
At 1.7 pg/mL of GLY: increased GC proliferation.

0.5, 1.7 and 5 pg/mL

In vitro; 48 hours

(Perego et al. 2017b)

At 10 ng/mL of GLY: increased E2 secretion from GCs.
At 10 ng/mL of GLY or RU: decreased P4 secretion from
LCs.

RU but not GLY: increased mRNA expression and OT
synthesis in LCs.

GLY and RU: increased OT secretion from LCs.

GLY decreased PGF2a, whereas RU decreased PGF2a and
PGE2 secretion from endometrial cells.

0.11 and 10 ng/mL

In vitro; 24, 48 or 72 hours

(Wrobel 2018)

Estuarine crab
(Neohelice
granulata)

Lower muscle glycogen content and increased glycemia.
Decreased ovarian vitellogenin content.
Higher proportion of reabsorbed vitellogenic oocytes.

0.01 and 0.2 mg/L

Adults; 90 days through
tank water

(Canosa et al. 2018)

Zebrafish (Danio
rerio)

Increased diameter of previtellogenic | and vitellogenic
oocytes.
Higher expression of steroidogenic factor-1 in ovaries.

65 pg/L

Adults; 15 days through
tank water

(Armiliato et al. 2014)




Decreased egg production and gonadosomatic index.
Delayed embryo development and hatching.
Decreased Cyp19al and Esrl expression in the ovary.

0.01, 0.5, and 10 mg/L

Adults; 21 days through
tank water

(Uren Webster et al.
2014)

Mice (ICR)

Decreased body weight gain and ovary and liver weight.
Increased atretic follicles and interstitial ovarian fibrosis
and decreased mature follicles.

Alteration of the hypothalamus-pituitary-ovarian axis
and disrupted E2 and P4 hormone secretion.
Increased oxidative stress.

Altered sex ratio of fetuses.

0.5% w/v of GLY or RU

Adults; From GD1 to GD19
through drinking water

(Ren et al. 2018)

Rats (Wistar)

Increased number of resorption sites.
Decreased expression of uterine estrogen and
progesterone receptors.
Downregulation of COUP-TFIl and Bmp2 mRNA and
increased expression of HOXA10 and proliferation in
implantation sites of adult rats.

2 mg/Kg/day

Neonatal period; PND1, 3,
5 and 7 through s.c.
injection

(Ingaramo et al. 2016)

Increased incidence of luminal epithelial hyperplasia and
of the stromal and myometrial thickness.
Deregulation of the uterine expression of ERa, PR and
Hoxal0 in prepubertal rats.

2 mg/Kg/day

Neonatal period; PND1, 3,
5 and 7 through s.c.
injection

(Guerrero Schimpf et al.
2017)

Increased uterine LEH.
Deregulation of uterine protein expression of ERa, ERB
and PR.
Decreased mRNA expression of C3, ERa and PR.

0.5, 5, or 50 mg/kg/day

Adults; 3 days through s.c.
injection

(Varayoud et al. 2017)

Altered uterine expression of Wnt5a and B-catenin at
PNDS8 and 21.
Uterine deregulation of Wnt5a, Wnt7a, B-catenin, Dkk1
and sFRP4.

2 mg/Kg/day

Neonatal period; PND1, 3,
5 and 7 through s.c.
injection

(Ingaramo et al. 2017)

Increased sensitivity of the uterus to estradiol treatment.

Higher LEH and stromal cell density.
Uterine hyperplasia and abnormal endometrial glands.

2 mg/Kg/day

Neonatal period; PND1, 3,
5 and 7 through s.c.
injection

(Guerrero Schimpf et al.
2018)




Increased uterine cell proliferation and deregulated
expression of ERa, ERB, Wnt7a and B-catenin mRNA and
protein expression.

Decreased body and ovary weights.
Decreased surface area of secondary and tertiary
follicles.

Increased percentage of atretic follicles.
Increased malondialdehyde and advanced oxidation
protein products.

Decreased catalase, superoxide dismutase and
glutathione peroxidase.

126 mg/kg or
315 mg/kg

Adults; 60 days through
oral administration

(Hamdaoui et al. 2018)

F1 females (in utero exposed) showed lower number of
implantation sites.

F2 (F1 offspring) showed delayed growth in association
with lower fetal weight and length and higher placental
weight.

F2 showed structural congenital anomalies.

3.7 and 352 mg/Kg/day

Adults; from GD9 to LD21
through pellet chow

(Milesi et al. 2018)

ERa increased uterine expression.
Epigenetic changes in the O-promoter of uterine ERa.

3.7 and 352 mg/Kg/day

Adults; from GD9 to LD21
through pellet chow

(Lorenz et al. 2019)

Ewe lambs
(Friesian)

Decreased primordial follicles and increased transitional
and primary follicles.
Increased small antral atretic follicles and MOFs
incidence.

Increased proliferation of granulosa and theca cells and
decreased FSHR and GDF9 mRNA expression in the
ovary.

Decreased cell proliferation in the uterus.

2 mg/Kg/day

Neonatal period; from
PND1 to 14 through oral
administration or sc
injection

(Alarcon et al. 2019)




GCs: granulosa cells; E2: estradiol; P4: progesterone; FSH: follicle-stimulating hormone; IGF1: insulin-like growth factor; RU: GBH Roundup; GLY: glyphosate; OT: oxytocin; LCs: luteal cells; PGF2a:
prostaglandin F 2a; PGE2: prostaglandin E2; Cyp19al: aromatase gene; Esrl: estrogen receptor a gene; COUP-TFII: chicken ovoalbumin upstream promoter transcription factor 2; Bmp2: bone
marrow protein 2; Hoxal0: homeobox al0; ERa: estrogen receptor a; PR: progesterone receptor; C3: complement component 3; Wnt5a: wingless-type MMTV integration site family member
5a; Wnt7a: wingless-type MMTV integration site family member 7a; Dkk1: dickkopf-related protein 1; sFRP4: secreted frizzled-related protein 4; LEH: luminal epithelial height; PND: postnatal
day; GD: gestational day; LD: lactational day; MOF: Multi-oocyte follicles



Table 2: Similarities and divergences between the effects of pure glyphosate and those of glyphosate-based herbicides (GBHs)*.

Study Glyphosate GBHs
In vitro Reduction in cell viability at concentrations of 10 and 50 Reduction in cell viability at concentrations of 10 and 50
ug/mL. ug/mL.
No effects on the number of granulosa cells or estrogen Roundup® decreases the number of granulosa cells and
and progesterone production. estrogen and progesterone production.
No decreased cell viability at 500 pg/mL; initial toxicity at | No decreased cell viability at 500 pg/mL; initial toxicity in cell
1000 pg/mL. viability at 800 ug/mL.
Glyphosate is more genotoxic than Wipeout® formulation Roundup® has a genotoxicity similar to that of glyphosate,
and has a genotoxic effect similar to that of Roundup®in | and Wipeout® formulation is less genotoxic than glyphosate.
the HEC1A cell line.
In human ovarian and prostate cancer cells, it inhibits In human blood mononuclear cells, the cytotoxicity of
proliferation and promotes apoptosis. Roundup® is 30 times higher than that of glyphosate alone.
It increases oxytocin and decreases progesterone Increased oxytocin and decreased progesterone secretion
secretion from luteal cells. from luteal cells.
Estrogenic effects via ERa at higher doses compared to GBH did not show ERa-activity at a concentration equivalent
estrogen. The estrogenic effects may be ligand- to that of glyphosate.
independent.
In vivo Mice exposed in utero to glyphosate show In female rats, GBH exposure during the first days of

decreased ovarian weight and histopathological
alterations, increased atretic follicles and
interstitial fibrosis, and decreased mature follicles
on gestational day 19.

pregnancy induces lower weight ovaries and
decreases the number of corpora lutea.

Glyphosate has low effects on microbiome
disruption.

GBHs contribute to microbiome disruption.

In mice, prenatal exposure influenced the sex
ratio of litters.
In rats, the exposure did not alter litter
characteristics such as length, weight, and sex
ratio.

In rats, the exposure did not alter litter
characteristics such as length, weight, and sex ratio.

* Data were obtained from Almeida et al. 2017; Davoren and Schiestl 2018; De Almeida et al. 2018; Dechartres et al. 2019; Gasnier et al. 2009; Gigante
et al. 2018; Li et al. 2013; Martinez et al. 2007; Mesnage et al. 2017; Perego et al. 2017a & b; Ren et al. 2018; Santovito et al. 2018; and Wrobel 2018.




Rats

Prepubertal | Effects on uterine
stage differentiation
GBH
First postnatal Effects on uterine
days Adulinoad sensitivity to estradiol
Gestation Effects on uterus
and fertility
GBH
First (F1) and
Gestation Lactation 9 second (F2)
generation of pups

Ewe lambs

GBH

First postnatal
days

Prepubertal
stage

Uterine alterations

ovarian alterations

T incidence of Luminal epithelial
hyperplasia and cell proliferation

Alteration of ERa, PR, Wnt7a
and [3-catenin protein expression
in the uterus

E2-induced cell proliferation
and ERa and ERp protein
uterine expression

'I‘ post-implantation losses

Alteration of ERa, PR, Wnt5a
and Wnt7a protein expression
in the decidua

Effects in fertility
in F1 generation

Morphological fetal
alterations in F2 generation

i, proliferation

protein expression of p27, and
mRNA expression of IGFBP-3
(unpublished)

protein expression of ERa, PR, Wntba,
\L Whnt7a, B-catenin, Hoxa10 and Foxa2
(unpublished)

ovarian FSH and
\L GDF9 mRNA expression

i, percentage of primordial follicles

T percentage of transitional and
primary follicles

'I‘ percentage of antral atretic follicles

']‘ proliferation of granulosa and theca cells

\L response to oFSH stimulation
(unpublished)
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